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Lansing, Michigan; and {Department of Pharmaceutical Sciences, School of Pharmacy, University of Maryland, Baltimore, MarylandABSTRACT Folding simulations on peptides and proteins using empirical force fields have demonstrated the sensitivity of the
results to details of the backbone potential. A recently revised version of the additive CHARMM protein force field, which includes
optimization of the backbone CMAP potential to achieve good balance between different types of secondary structure, correct-
ing the a-helical bias present in the former CHARMM22/CMAP energy function, is shown to result in improved cooperativity for
the helix-coil transition. This is due to retention of the empirical corrections introduced in the original CMAP to reproduce folded
protein structures—corrections that capture many-body effects missing from an energy surface fitted to gas phase calculations
on dipeptides. The experimental temperature dependence of helix formation in (AAQAA)3 and parameters for helix nucleation
and elongation are in much better agreement with experiment than those obtained with other recent force fields. In contrast,
CMAP parameters derived by fitting to a vacuum quantum mechanical surface for the alanine dipeptide do not reproduce the
enhanced cooperativity, showing that the empirical backbone corrections, and not some other feature of the force field, are
responsible. We also find that the cooperativity of b-hairpin formation is much improved relative to other force fields we have
studied. Comparison with (f,j) distributions from the Protein Data Bank further justifies the inclusion of many-body effects in
the CMAP. These results suggest that the revised energy function will be suitable for both simulations of unfolded or intrinsically
disordered proteins and for investigating protein-folding mechanisms.
INTRODUCTIONComputer simulations are now starting to access the time
and length scales necessary for ab initio simulation of pro-
tein folding using molecular dynamics (MD) simulations.
Several impressive MD studies have demonstrated folding
of miniproteins in explicit solvent (1,2), providing an im-
plicit validation of the atomistic energy functions or force
fields that have largely been used for protein folding to
date (3). Nonetheless, such ab initio folding simulations
have also shown that some force fields tend to stabilize
a-helical structure, whereas others favor b-structure (4–6).
This bias arises because a common treatment of the f,j
energy surface of the polypeptide backbone is usually
used for all amino acids in each force field. Therefore,
even a slight bias toward one type of secondary structure
at the level of a single residue can represent a large error
when summed over the whole protein. It has recently been
shown that NMR data for weakly structured peptides in
solution provides a highly sensitive probe of such secondary
structure bias, which can be used to both validate and refine
existing force fields (6–12); although experimental data for
folded proteins are also useful, they are relatively insensitive
to biases in the backbone potential (13,14). Indeed, the
magnitude of the resulting corrections (<0.5 kBT) is smaller
than the typical difference between the f,j potential energy
surface of a force field and the quantum mechanical energySubmitted June 13, 2012, and accepted for publication July 24, 2012.
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fine-tuned in this way have been shown to fold peptides and
proteins with a, b, and mixed a/b structure (9,11,15–17).
Nevertheless, a remaining challenge is that many-body
effects are missing from currently used additive force
fields, and these make a significant contribution to the total
energy in the condensed phase (18). In the context of the
helix-coil transition, many-body effects may be manifested
by a stronger hydrogen bond formation in helices, due to
electronic polarization (19,20), and possibly charge-transfer
effects (21). The abovementioned efforts to reparameterize
the backbone in additive force fields therefore face a frustra-
tion between reproducing the energy surface for unstruc-
tured or unfolded proteins, and that for folded peptides
and proteins, as has been recognized in several recent
studies (22,23). A related feature of additive force fields is
that their reproduction of protein folding thermodynamics
is generally quite inaccurate. Thus, although some replica-
exchange studies of peptides and miniproteins in explicit
solvent may obtain melting temperatures close to experi-
ment (9,12,23–25), a common feature of most studies is
that the unfolding transition is generally much less cooper-
ative than in experiment (9,23,26–29), that is, it takes place
over a much wider range of temperature relative to experi-
ment. More precisely, this is a consequence of the entropy
and enthalpy of folding being too small, typically around
half of the experimental values (8,9,23,24). Earlier work
on the helix-coil transition with Amber ff03 and ff99SB
and modified variants showed that both the enthalpy andhttp://dx.doi.org/10.1016/j.bpj.2012.07.042
1046 Best et al.entropy of helix extension were too small (8). Although it
may be possible to capture some of the missing many-
body effects in a new generation of polarizable force fields,
such force fields are currently not widely used and their use
incurs a computational cost that exacerbates the sampling
problem inherent in studies of protein folding.
In this work, we apply the revised backbone potential
for the additive CHARMM (30) force field, referred to as
CHARMM36, developed in conjunction with new side-
chain parameters (13) to the helix coil equilibrium of model
alanine-based peptides. The new model is able to match the
experimental data at room temperature very well, as has
been achieved previously for other force fields. More
notably, however, it is shown that the use of the CHARMM
CMAP (31,32) backbone potential allows some many-body
effects to be included in the additive force field, resulting
in improved cooperativity for the helix-coil transition and
a-helix nucleation and extension parameters, and also for
formation of b-hairpins. We show unequivocally that this
effect arises directly from the CMAP and not from any other
detail of the force field, by considering an alternative model
in which we fit the CMAP to a gas phase quantum mechan-
ical surface for the alanine dipeptide. Such improved coop-
erativity is expected to be beneficial for the reproduction of
both the structure of unfolded proteins and protein folding
mechanisms and dynamics (33–35).MATERIALS AND METHODS
We use replica exchange simulations of each peptide in explicit water
to sample the folding equilibrium. For the peptide Ac-(AAQAA)3-NH2,
each copy of the system consisted of the peptide and 1833 TIP3P water
molecules in a truncated octahedron water box with distance between near-
est faces of 42.13 A˚. The volume of the box was determined from a short
constant pressure simulation at 300 K. In each replica, dynamics was prop-
agated using a Langevin integrator with a friction coefficient of 1 ps1 and
a time step of 2 fs. Lennard-Jones interactions were smoothly switched off
between 10 and 12 A˚, and the electrostatic sums were computed with
particle mesh Ewald with a grid spacing of 1 A˚ and a real-space cutoff of
12 A˚. 32 replicas of the system were used, spaced between 278 and 421
K, with exchange attempts every 2 ps. Trajectories of length ~150 ns per
replica were accumulated using the GROMACS 4.5.3 simulation package
(36), with the initial 100 ns considered equilibration (37) (running averages
of the fraction helix, shown in the Supporting Material Fig. S1, support this
choice). The helix content was analyzed by counting as helical any contig-
uous stretch of at least three residues whose backbone angles each lay in the
range (38) f ¼ 65 5 35; j ¼ 37 5 30 (note that using hydrogen
bonding as a criterion for helix formation results in similar results for the
fraction helix (8)).
Replica-exchange molecular dynamics (REMD) simulations were also
performed on the GB1 hairpin (residues 41–56 of protein G) (39,40). Com-
pletely unfolded structures obtained from high temperature vacuum simula-
tions were solvated in a 49 A˚ truncated octahedron box with 2225 water
molecules. The REMD simulations spanned a temperature range 278 to
595 K using 40 replicas, sufficient to achieve exchange probability around
0.2, with a frequency of attempted exchanges of 1 ps. An initial sampling
of 500 ns per replica was obtained with a preliminary version of the force
field, with a further 111 ns per replica obtained with the final parameter
set, of which the first 11 ns was discarded as initial equilibration (9,41);
all other details were as described for Ac-(AAQAA)3-NH2 previously.Biophysical Journal 103(5) 1045–1051RESULTS AND DISCUSSION
We focus here mainly on a simple prototype for protein
folding: the helix-coil transition. As a model, we studied the
experimentally well-characterized 15-residue helix (42), Ac-
(AAQAA)3-NH2, for which temperature-dependent chemi-
cal shifts have been determined. Due to its low sequence
complexity and the availability of comprehensive experi-
mental data, this system formed part of the training set for
parametrizing helix propensity at 300 K in the recent
CHARMM36 force field (13). Equilibrium conformational
distributions at different temperatures were obtained using a
replica exchange MD algorithm. This has the advantage of
both enhancing sampling at low temperatures and efficiently
generating equilibrium data as a function of temperature.
The average fraction helix computed from the simulations
with the CHARMM36 force field is shown in Fig. 1 A along
with an experimental estimate based on chemical shifts
(a similar fraction helix was obtained from circular
dichroism data (42,43)). As expected, given its inclusion
in the force field parametrization, the fraction helix in the
simulations matches that in experiment well at 300 K, sig-
nificantly better than CHARMM22/CMAP (31,44) (Fig. 1,
inset). Furthermore, the temperature dependence of the tran-
sition—which was not part of the force field optimization—
is also in more satisfactory agreement with experiment.
The transition is cooperative and occurs over a small tem-
perature range, as in experiment, features that were not
obtained with other force fields. Interestingly, analysis of
the CHARMM22/CMAP results shows similar cooperative
behavior, albeit upshifted by ~200 K; the shift of the melting
curve results from the known bias of CHARMM22/CMAP
toward helical structure. This contrasts with the lack of co-
operativity obtained with other force fields that reasonably
reproduce the equilibrium between helical and extended
conformations: data for the AMBER ff03* force field are
shown in Fig. 1, and are representative of the results of other
additive force fields (8). We therefore suspected that this
improvement came from the CMAP potential, which is
specific to CHARMM. CMAP is a two-dimensional cubic
spline VCMAP(f,j) added to more accurately parameterize
the f,j energy surface of the backbone. In earlier studies
it was found that parametrizing the CMAP purely based
on a quantum mechanical vacuum energy surface for the
alanine dipeptide was unable to reproduce details of f,j
distributions in the helical region, requiring empirical cor-
rections in the CMAP to reproduce these distributions
in folded proteins (31,32). This suggests that these empirical
corrections capture some many-body effects not included
in the rest of the force field. To test whether this, rather
than some other feature of the CHARMM36 force field is
responsible for the improved cooperativity, a variant of
CHARMM36 was developed in which the CMAP backbone
potential was optimized to reproduce a gas phase RIMP2/cc-
pVTZ//MP2/6-31G* quantum mechanical surface for the
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FIGURE 1 Helix-coil equilibrium for (AAQAA)3 peptide. In Awe show
the total fraction helix as defined in the text, for the CHARMM36 (circles),
AMBER ff03* (triangle-down), and CHARMM36-MP2 (squares) force
fields. The solid line gives the experimental estimate from NMR chemical
shift analysis by Shalongo et al. (42) Inset: Larger axis range, including also
comparable data for CHARMM22/CMAP (triangle-up). In B and C,
respectively, the optimal Lifson-Roig parameters w and v are shown as
a function of temperature. Solid symbols correspond to the parameters
for the alanine residues, with the same scheme as in A. Thin lines through
the data are fits of the simulation data to a thermodynamic model and thick
lines in B give respective experimental estimates by Moreau et al. (50) (dot-
dash line) and Rohl et al. (51) (solid line). The open circles in B show w for
glutamine residues for CHARMM36, with the dashed line giving the corre-
sponding experimental estimate from Moreau et al. (50) Data for ff03* are
taken from (8).
TABLE 1 Thermodynamic parameters for Lifson-Roig
coefficients w and v, obtained either from maximum likelihood
fitting of simulations of Ac-(AAQAA)3-NH2 at different
temperatures, or from experimental estimates
Lifson-Roig
parameter Force field
DH
[kcal$mol1]
DS
[cal$mol1$K1]
w Experiment
(Moreau et al.) (50)
0.87 2.32
w Experiment
(Rohl et al.) (51)
1.28 3.78
w CHARMM36 1.17 3.41
w AMBER ff03* 0.61 1.81
w CHARMM36-MP2 0.36 0.65
v Experiment – 6.6
Cooperativity of a-Helix and b-Hairpin Formation 1047alanine dipeptide, which we denote CHARMM36-MP2;
in all respects other than the CMAP, this force field is iden-
tical to CHARMM36. As shown in Fig. 1 A, CHARMM36-
MP2 in fact almost matches the experimentally determined
fraction helix at 300 K. However, due to the low coopera-
tivity, there are large deviations from experiment at other
temperatures.(Rohl et al.) (51)
v CHARMM36 0.21 4.5
v AMBER ff03* 0.72 0.94
v CHARMM36-MP2 1.02 0.57
In each case, a simple thermodynamic function –kBTlnx(T) ¼ DHx – TDSx
was fitted to the data, where x ¼ w,v. In experiments, v is usually assumed
temperature independent.Helix-coil parameters
This observation may be quantified by fitting the data to
a model for the helix coil transition. The Lifson-Roig model
(45) characterizes helix formation in terms of parameters vand w: v is effectively an equilibrium constant for conver-
sion of a residue in a coil conformation to a residue in a
helical conformation, without formation of helical hydrogen
bonds (i.e., it primarily describes nucleation), whereas w is
the equilibrium constant for extending the length of an
existing helix by one residue (i.e., it includes the effect of
forming one additional i,iþ4 hydrogen bond). We fitted
this model to the simulation data for Ac-(AAQAA)3-NH2
using a previously described Bayesian method (8), with
the resulting values shown in Fig. 1, B and C, together
with some experimental estimates. As can be seen, both
the CHARMM36 and CHARMM36-MP2 data match quite
well the experimental estimates for the helix elongation
parameter w at 300 K, but the temperature dependence of
w is too weak for CHARMM36-MP2 and for AMBER
ff03*. We characterize the temperature dependence of w
by fitting a thermodynamic model; we assume a negligible
DCp, because the experimental data cover only a small range
of temperature. The best-fit curves are shown in Fig. 1, with
the parameters in Table 1. Given that w reflects the free
energy change upon forming a helical hydrogen bond, the
parameters in Table 1 reveal that (as was found for other
force fields (8)), the gain in enthalpy and loss of entropy
upon hydrogen bond formation for CHARMM36-MP2 or
AMBER ff03* are too small relative to the experimental
estimates; the fitted parameters for CHARMM36 reveal
enthalpy and entropy differences in much better agreement
with experiment. A possible explanation for the discrepancy
is a deficiency in the description for hydrogen bonding in
the force field, as we had previously proposed, i.e., the
entropic cost and enthalpic gain for forming a hydrogen
bond are each too small. For example, plane-wave density
functional theory calculations on model helices have sug-
gested that one contribution to stronger hydrogen bonding
may be electron density redistribution within the helixBiophysical Journal 103(5) 1045–1051
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FIGURE 2 Temperature dependence of alanine carbonyl chemical shifts
in Ac-(AAQAA)3-NH2. Experimental shifts (42) are given by solid lines,
with shifts calculated from the simulations at each temperature using the
SPARTAþ package (46) given by circles, down triangles, and squares for
CHARMM36, AMBER ff03*, and CHARMM36-MP2, respectively.
1048 Best et al.(19). Reproduction of this effect represents an interesting
challenge for future force field development, and might be
realized with polarizable force fields. However, in the
context of an additive force field our results show that these
many-body effects may be implicitly included in the back-
bone CMAP energy (indeed a many-body term itself).
Naturally, there is a limit to the extent to which many-
body effects can be included: creating a more focused
a-helical minimum can mimic the larger entropy and en-
thalpy changes associated with helix formation caused by
having more orientationally specific hydrogen bonding
(20), and strengthening of helical hydrogen bonding by elec-
tron density redistribution in the helical conformation (19).
CMAP of course does not consider whether or not a residue
is in a helix or forming a hydrogen bond, but it can be an
effective correction because when the peptide is in the aR
region, the appropriate CMAP surface will direct the peptide
toward helical hydrogen bonds, directly compensating for
deficiencies in the nonbonded portions of the model that
lead to the relative lack of cooperativity. Notably, this may
be achieved without significantly affecting nonhelical states,
another important aspect of CMAP because the approach
allows for more accurate treatment of the entire 4,j surface
in contrast to the traditional use of cosine-based torsional
parameters alone. However, CMAP cannot capture addi-
tional differences between longer and shorter helices caused
by long-range effects on the charge distribution. Ultimately,
it may be that this type of cooperativity can be captured by
polarizable force fields, although that still remains to be
demonstrated.Comparison with chemical shifts
Because comparison of a fraction helix inferred from ex-
periment (via fitting a model) with one calculated from
simulation (subject to variations of helix definition) is
somewhat unsatisfactory, agreement of our results with ex-
periment was confirmed by direct comparison with ex-
perimental observables. To do this, the state of the art
chemical shift prediction package SPARTAþ (46) was
used to calculate ensemble-average chemical shifts for
each temperature, which we compare with experimental
carbonyl chemical shifts for Ac-(AAQAA)3-NH2 in Fig. 2.
As can be seen, the agreement with experiment is excellent
for CHARMM36, with only small deviations near the N-
terminus; on the other hand, CHARMM36-MP2 or AMBER
ff03* show a systematic deviation from the temperature
dependence revealed in experiment.Origin of cooperativity
As discussed previously, the origin of the improved cooper-
ativity in the CHARMM force field may be attributed to the
CMAP term in the energy function. To get more insight into
the origin of this effect, we have analyzed the backboneBiophysical Journal 103(5) 1045–1051(f,j) distribution in the a-helical region of the Ramachan-
dran map obtained with the Amber ff03*, CHARMM36-
MP2, and CHARMM36 force fields, and that observed in
the Protein Data Bank (PDB). As a representative of nonhel-
ical conformations, we use the (f,j) distribution from resi-
dues with a coil secondary structure assignment in the PDB
(using the TOP500 set of high quality crystal structures
compiled by Lovell et al.) (47), and the (f,j) distribution
for conformations of Ac-(AAQAA)3-NH2 in which no helix
is formed in the simulations (Fig. 3, A, C, E, and G). We also
have compiled (f,j) distributions for residues in helices of
11–15 residues in length, in both the TOP500 PDB data set
and the simulations, shown in Fig. 3, B, D, F, and H. If we
look first at the residues in helices, simulations with Amber
ff03* or CHARMM36-MP2 result in a broader free energy
minimum and a slight shift (particularly toward lower f),
relative to the PDB. A similar shift in average torsion angles
for simulations of folded proteins was the motivation for
empirical corrections in the original CMAP. As expected,
the empirically corrected CMAP, results in the correct
average helical torsion angles, Fig. 3 F. Notably, however,
because the PDB distribution was used to guide the empir-
ical correction, the CHARMM36 force field also results
in a narrower distribution of torsion angles in the helical
state—most likely responsible for the increased entropic
cost of helical hydrogen bond formation. This empirical
correction does of course slightly distort the a free energy
minimum in the nonhelical states, relative to the PDB. How-
ever, this is not expected to be a significant error due to the
low average a population in unfolded or unstructured pep-
tides. Indeed, the CHARMM36 force field compares well
with NMR data for disordered peptides (13).
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FIGURE 4 Cooperativity of b-hairpin formation. The melting curve for
the GB1 hairpin determined by REMD simulations with the CHARMM36
force field (solid circles: data; curve through data: fit to two-state thermo-
dynamic model), AMBER ff03* (9) (up triangles: REMD from unfolded;
down triangles: REMD from folded) compared with experiment (40) (thick
curve). The empty circles and broken line show the CHARMM36 simula-
tion data shifted down by 70 K. The folded structure of the hairpin is shown
in the inset.
Cooperativity of a-Helix and b-Hairpin Formation 1049The dependence of folding thermodynamics on parame-
ters in the force field is complex, and adjusting torsion or
CMAP potentials is of course only one factor affecting the
helix-coil equilibrium. Another important influence is theinteraction with the solvent. For example, it has been
shown that using a more accurate water model than TIP3P
may improve helix (10) or hairpin (12) folding thermody-
namics in simulations. It should be pointed out, however,
that using a solvent model that more accurately reproduces
the properties of pure water does not guarantee better
results for peptide and protein folding due to the need
to properly balance the solute-solute, solute-solvent, and
solvent-solvent interactions in the force field. Accordingly,
use of an alternative water model in principle requires
a reparametrization of the protein force field (10,22,48),
and the CHARMM all-atom additive force fields have
been optimized specifically in conjunction with the TIP3P
water model.Folding of b-hairpin
We have also examined the effect of the CMAP on the
folding of the GB1 hairpin, by sampling the temperature-
dependent equilibrium via REMD (as described in (13)).
The resulting melting curve, shown in Fig. 4, also reveals
a cooperative folding transition. Although the peptide is
slightly too stable, with the folding midpoint upshifted
from experiment, the width of the folding transition is in
better agreement with experiment than in our previous
studies (9), which yielded results for AMBER ff99SB* and
other additive force fields similar to the data for AMBER
ff03* shown in Fig. 4. We fit the global folding transition
to a two-state thermodynamic model, because, unlike the
helix, the folding of the peptide appears to be two-state
using multiple probes (40,49). The fitted folding parametersBiophysical Journal 103(5) 1045–1051
1050 Best et al.(Table 2) are in much better agreement with experimental
estimates than those obtained with AMBER ff03* with
a midpoint unfolding enthalpy DHm ¼ 10.6 kcal$mol1
(experiment: ~12 kcal$mol1) and entropy DSm ¼ 28.2
cal$mol1$K1 (experiment: ~40 cal$mol1$K1). The shift
of the midpoint to higher temperatures may be attributed to
the fact that the DSm, although improved, is still somewhat
too small. The reason for the additional cooperativity is
likely related to that for helix formation: the CMAP effec-
tively narrows the accessible regions of (4,j) space. This
can be seen in Fig. S2, in which the global distribution of
Ramachandran angles is plotted from simulations of the
GB1 hairpin in Amber ff03* and CHARMM36. The minima
for both the residues in the a basin and those in b-structure
are narrower for CHARMM36 than for ff03*. The validity
of this narrowing is supported by a survey of 16-residue hair-
pins from the PDB, having <1 A˚ Ca RMSD from the GB1
hairpin, no internal glycines and no prolines: the global
(4,j) distribution over these peptides shows similar features
to that for CHARMM36 (Fig. S2).
One would ideally be able to attribute the remaining
discrepancy in the midpoint temperature of the hairpin to
a specific cause associated with the force field parameters.
However, this is difficult because the relation between the
force field parameters and DHm and DSm is very complex.
In an additive force field, DHm and DSm can be divided
into contributions from protein-protein, solvent-solvent,
and protein-solvent interactions, each of which will depend
on many force field parameters. For example, DHm would
include the relative interaction energy of the protein with it-
self, versus that with the solvent, which depends on the Len-
nard-Jones and electrostatic parameters in the force field, as
well as the internal parameters of the peptide such as torsion
potentials. All of these parameters would have a collective
effect on the overall thermodynamics of the hairpin. The
greater sequence complexity of the GB1 hairpin compared
to the simple alanine-based, uncharged, Ac-(AAQAA)3-
NH2 peptide, means that it also makes it harder to assign
the discrepancy to any specific factor. We envisage that
future studies on a wider range of hairpin sequences would
be helpful in determining whether this overstabilization at
300 K is a common feature, or specific to GB1, and what
the origin of the deviation from experiment may be.TABLE 2 Thermodynamic parameters for GB1 hairpin
unfolding, obtained from a thermodynamic fit to the melting
curve (Fig. 4), or from experimental estimates from
yspectroscopy (40) and zcalorimetry (49)
Thermodynamic parameter Experiment CHARMM36 AMBER ff03*
DHm [kcal$mol
1] 11.6,y 12.2z 10.6 (0.1) 5.75 (0.18)
DSm [cal$mol
1$K1] 39.0,y 41.4z 28.2 (0.2) 18.2 (0.6)
DCp [cal$mol
1$K1] h0 85.3 (2.6) 24.0 (6.4)
Tm [K] 297,
y 295.3z 376 (5) 316 (14)
Thermodynamic model DGF/UðTÞ ¼ DHm þ DCpðT  TmÞ  TDSm
TDCpðT=TmÞ was fitted to the data, with Tm ¼ DHm=DSm.
Biophysical Journal 103(5) 1045–1051CONCLUSIONS
A number of simulation studies have concluded that additive
force fields may or may not capture the correct folding
midpoint, but in all cases, they are insufficiently coopera-
tive. That is, the magnitude of the enthalpy and entropy of
folding are too small. Ultimately, it is anticipated that
a more accurate force field representation of the potential
energy surface will allow thermodynamics to be more accu-
rately captured: an important step in this direction are polar-
izable force fields currently under development. However,
our work has shown that, at least to some extent, the missing
cooperativity can be encoded in an additive force field, by
means of the multibody CMAP potential. Whether such
corrections will result in improved thermodynamics for
other peptides remains to be tested, but we are currently
engaged in testing the updated force field on larger all-
a and all-b proteins.SUPPORTING MATERIAL
A figure demonstrating convergence of the fraction helix in Ac-(AAQAA)3-
NH2 in REMD simulations with CHARMM36, and a figure showing
Ramachandran distributions of the GB1 hairpin in two force fields and
the PDB, are available at http://www.biophysj.org/biophysj/supplemental/
S0006-3495(12)00855-7.
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